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Introduction

® Early source term prediction in connection with severe accidents is
crucial
— Ultilities predict source terms, and provide predictions to authorities

— Nuclear safety authorities has often an important role after a severe accident,
involving both communication and technical aspects

— Authorities needs in-house source term prediction capability

® Plant PSA:s in many countries are detailed, full scope and
continuously updated (yearly)
— Increasingly used for risk informed applications

® Possibility to
— Make use of the detailed PSA information for source term prediction
— Make use of a BBNs’ capabilities
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Aim and scope of the RASTEP project

® The aim of the RASTEP project is to develop a tool for RAPID SOURCE TERM

PREDICTION for practical use in severe accident situations, considering the specific
needs of SSM’s emergency organization

® While RASTEP has been tailored to the needs of the Swedish Radiation Safety Authority
(SSM) the tool as such is well-suited for the needs of any emergency response
organization or nuclear operator

® The RASTEP project has been ongoing since 2009.
— Including development of BWR and PWR models for Swedish NPPs
— Part of the scope in current phase is to verify and compare RASTEP outputs with similar results
from SSM’s emergency preparedness organization

® RASTEP is one of the tools that are evaluated in the EU project FASTNET (FAST
Nuclear Emergency Tools, www.fastnet-h2020.eu)

— 2015-2019

— 20 partners from 18 countries
Lloyd's Register



Introduction to Bayesian belief networks (BBN)

@/n a BBN, one node is used for each variable, which may be discrete, continuous
or propositional (true/false)

» Conditional probability is the basic concept in the BBN

» Using Bayes theorem, one’s prior belief in the event (hypothesis) can be updated
given the additional evidence (observation, finding)

P(Available information|State) - P(State)
P(Available information)

P(State|Available information) =
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Example: BBN for emergency core cooling for PWR plant

Starting point — before any observations have been made

H_ECCS_LOP: Loss of power to ECCS
Loss of offsite power only 240
Loss of diesel generators only .008
Loss of both offsite and dies... .012
No loss of power 76.0

P_RCS: Primary System Pressure

Low 50.1
High 49.9

‘ . . .
ECCS1: High pressure injection (ECCS) I ECCS2: Low pressure injection (ECCS) ECCS3: Accumulators (ECCS) CPT Wlth |Oglca| relatlons to
Available 100 e | Available 50.1 Available 50.1 - other nodes
Unavailable .022 Unavailable 49.9 Unavailable 49.0 —— \L
B T Y ECCS1  ECCS2  ECCS3  H_RHR sufficient Core cooling sufficiency
CC sufficient short term 025 : : : : -
CC sufficient long term 99.7 Available  Available  Available  Sufficient CC sufficient long term
-1 Insufficient 007 |: Available  Available  Available Insufficient CC sufficient short term
H_ECCS_LOP Available  Unavailable [ Fy Available  Available  Unavailable Sufficient CC sufficient long term
Loss of offsite power only 99.99 1.00e-2 Availabl Availabl Unavailable Insufficient CC sufficient short term
Loss of diesel generators only 99.99 1.00e-2 = - Available  Unavailable Available  Sufficient CC sufficient long term
Loss of both offsite and diesel power 0 100 H—leR—s“mc'e“t RHR s“nc' Available  Unavailable Available Insufficient CC sufficient short term
No loss of power 99.99 1.00e-2 ﬁiﬁ%g’:ﬂt 8922 I: Available  Unavailable Unavailable Sufficient CC sufficient long term
. Availabl Unavailable Unavailable Insufficient CC sufficient short term
/f Unavailable Available  Available  Sufficient CC sufficient long term
Unavailable Available  Available Insufficient CC sufficient short term
Unavailable Availabl Unavailable Sufficient CC sufficient long term
e o Unavailable Availabl Unavailable Insufficient CC sufficient short term
Condltlonal prObablllty table Unavailable Unavailable Available  Sufficient CC sufficient long term
(CPT) with statistical values Unavailable Unavailable Available  Insufficient CC sufficient short term
Unavailable Unavailable Unavailable Sufficient Insufficient
Lloyd's Register Unavailable Unavailable Unavailable Insufficient Insufficient




Example: BBN for emergency core cooling for PWR plant

Updated beliefs due to observations

Starting point (as in previous slide)

GRID_STATUS: Status of external grid

DIESEL_STATUS: Status of diesel generat... | GRID_STATUS: Status of external grid DIESEL_STATUS: Status of diesel generat...
Available 100 — Available 76.0 p— Available of + i | Available i ]
Unavailable 020 | Unavailable 240 Unavailable 100 Unavailable

Leads to update of belief in all nodes

H_ECCS_LOP: Loss of power to ECCS

H_ECCS_LOP: Loss of power to ECCS
Loss of offsite power only 24.0 —
Loss of diesel generators only .008 EARES- BrimaryiSyStemiEes sure Toss of ofisn ; o
Loss of both offsite and dies... .012 Low 50.1 22 LY
ROl 76.0 High 299 Loss of diesel generators only 0
: Loss of both offsite and dies... 100 j———
No loss of power 0
h 4
ECCS1: High pressure injection (ECCS) ECCS2: Low pressure injection (ECCS) ECCS3: Acc :
Available 100 |—— Available 50.1 p_— Available 50.1 ECCS1: High pressure injection (E ECCS2: Low p injection (ECCS) ECCS3: A
Unavailable .022 Ur i 49.9 Unavailable 499 Available of § Available R Available
l / Unavailable 100 sy | Unavailable pummen | Unavailable
H_CC_sufficient: Core cooling sufficiency \ l /
CC sufficient short term 0.25 H_CC_sufficient: Core cooling sufficiency
CC sufficient short term 84.3 [mmm———
CC sufficient long term 0
i 152 m

CC sufficient long term 99.7 |—_——
// - =
H_RHR_sufficient: RHR sufficiency

H_RHR_sufficient: RHR sufficiency
Sufficient 99.7 p— L
Insufficient 0.25 RN Sufficient 0| § ¢
// Insufficient 100
7
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Developing a BBN for an NPP

- Mapping of plant characteristics
+ Definition of the physical source term volumes (STV) to be considered
* Fission product (FP) transport and release routes
+ Mapping of severe accident management systems and actions
+ Key plant systems
» Observable plant state parameters
* Physical phenomena

- Development of the model
* Model structure
« Conditional Probability Tables (CPTs)
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Mapping of plant characteristics

Release path diagram showing source term volume (STV) and

fission product (FP) transport routes — BWR example

LOCA/
Fuel Fuel failure  Reactor coolant Melt-through ' Containment Multi Venturi Scrubber System
STV1 ™ system STV2 STV3 > (SE BWR) STV6
Diffuse leakage / Rupture
_Reactor building Venting -
- STV4 o
ISLOCA/SLB/FLB

Unfiltered venting / Melt-through

Filtered venting
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Development of the model

General model structure — BWR example

PSA Level 1

Lloyd's Register

STARTING
POINT
Initiating Event

Interfacing

System Leak
(IS-LOCA)

A

ﬁ/

PSA Level 2

Fuel Status RELEASE from
(degraded/ Reactor
molten core or Building or
not) Turbine Building
A4 A4
Status of Determination Phenomena
Availability of Reactor . during Severe
Core Coolin Pressure » of Contalnment ¢ Accident
g Failure Mode .
. Vessel Progression
A A

Availability of
Residual Heat
Removal

systems

Status of SAM | |

RELEASE from
Containment
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Conditional Probability Tables — node categories

Node category Determination of CPTs

Boundary condition node Either 1 or O, determined by user

Initiating event node Derived from the initiating events (IE) in the PSA model

System or function performance node Derived from basic events or fault tree analysis cases in the PSA
model

Outcome determining node / source Complex relationships, may rely on a mixture of engineering judgement,

term node general considerations and calculations with the PSA, e.g. phenomena
probabilities.

Measurement node Consider both loss of detection and spurious detection. Prior

assumptions regarding these failure modes are based on measurement
component unavailability data.
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PSA data — CPT modelling - BWR example

Prior probabilities are modelled using PSA data for:

® Initiating events

® Systems

® System function,

requirements

® Manual actions

® Phenomena

Lloyd's Register

H_INIT: Initiating Event
Large bottom LOCA 0.12
Large top LOCA 050
Small bottom LOCA 0.38
Small top LOCA 0.01
TE - Loss of offsite power 147 @
SBO 0.01
TF - Loss of feedwater 1.59
LUHS .020
T_other - Other IE 83.0 p——
ISV LOCA .040
SRV fails to reclose 0.10

H_ECCS2: Availability of ECCS

Available 132 [
Unavailable 98.7

H_IE_LOCA: LOCA initiator (size)

Large bottom LOCA 0.12
Small bottom LOCA  0.38

Large top LOCA .050
Small top LOCA 0.11
No LOCA 99.3 ——

SRV_LOCA: SRV LOCA (SRV stuck open)

Yes (1 or more SRV stuck op... 1.85
No (all SRV:s reclosed) 98.2

CC_AFW: Status of auxiliary feedwater SYS...

Available 97.8
Unavailable 224

RHR_RHRSYS_MAN: Activation of resudual

MAN_SPRAY_INDEP: Activation ofmdepen... |

Yes (activated) 97.0
No (not activated) 3.00

Yes (activated) 97.0
No (not activated) 3.00

H_PH_CONT_RUPTURE: Containment mpt...

H_PH_DCH: Direct containment heatmg (D...

Early DCH
Late DCH
No DCH

Early failure (phenomenon) 0.31
Late failure (phenomenon ) 0.32
No failure (phenomena) 994
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Graphical user interface

List of observable

nodes/questions

* Numbered questions
linked to the relevant
node in the BBN.

» Possibility to jump
between questions.

» Detailed description for
each node.

Activity per phase

» Visualization of activity
for individual nuclide
groups per phase
(histograms).

» Possibility to view the
distribution of nuclides
per phase with pie
charts.
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Question panel

» Visualization of the prediction for status of the initiating events, fuel and reactor vessel.

* Questions with possible answers to choose from.

* Opportunity to enter comments for specific issues / nodes.

Nr Node

[ [Activation of residual heat removal system

@ [Stats of esidual heat removal system

10 [Rupture disc status

tion line closure

@ |12 [Continment gamma activity

13" [Suppression pool temperature increase rate.

12 [Status of auniiary feedwater system

15 [Containment filtered venting

Fust e Mode

% p
<001% prob
<0,01% probabilty of T
< 0,01% probabilty of L
<0,01% probabilty of LOCA fit vent
< 0,01% probability of LOCA filt ver

4 Reactor buikdin
<001%

17" [Suppression pool temperature

@
@

16 [Status of filtered venting
™ 9
@
@

18 [Status of containment spray system

19 [Wetwell pressure

@ |20 [containment temperature

@21 [Containment pressure

Available Responses ) Not Known

< 001% probability of Diffuse leakage

ability of Melt bypass (fitered)
Ity itered)

© Above 2 bar
Description: Below 2 bar
Drywell pressur re sbove 2 bar may indicate
Loca.
Question:
What was the iitial containment pressure?
Given Answer:
Above 2 bar
prev Next
‘lzz |vamme in reactor building
X" Releases Over Time
65,59% probability of LOCA late/spray View Pie Crart 65.59% probability of LOCA late/spray © Reeeased Activty
Fracton of Core nv.
r
18037
1615 | ae03
6e031
*1 fases
14503
8e1s- = s g
= éum 3 ReeseDeay
g 256035 0~
? || & 160 g o8
g i 2603 §  [selecan
§ oo LB et
2 hsend Yot
7] 7e-132
103 /
450 @137
2%0: tse02 4 Ro-88
Phase 1 (7.250) Phase 2 (17,920) Phase 4 (22.081) 140518 140518 150518 150518 150518 15-05-18 15-05-18 150518 160518 16-05-18 16-05-18 160518
- 1405-18-15-05-18 15-05-18-16.05-18 1600 2000 0000 0400 0800 1200 1600 2000 0000 0400 0800 1200
11325-2041) [2041-1436] (15211325 Time

Source term prediction

 List of available source
terms with related
probabilities.

* The selected source
term is shown in the
graphs below.

Releases over time

Diagram showing
emission for individual
nuclide groups and total
emissions (activity) over
time.

Possibility to show
fractions of core
inventory.
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Source term prediction

¢ ‘ Source Term Predictions
4 Containment

X

® While responding to questions the
source term prediction updates.

16,69% probability of LOCA late/no spray
0% probability of LOCA early/no spray
3,72% probability of Transient late/spray
0,96% probability of Gap release
‘ probability p
0.95% probabilty of Transient lte/no spray ® The most probable sequence/source
0,04% probability of Transient early/no spray

< 0,01% probability of Transient early/spray term IS Shown Wlth a g|Ven prObabIIIty on

< 0,01% probability of Transient filt venting/spray tOp Of the I|St
< 0,01% probability of Transient filt venting/no spray

< 0,01% probability of LOCA early/spray

< 0,01% probability of LOCA filt venting/spray

< 0,01% probability of LOCA filt venting/no spray . .

< 0,01% probability of Diffuse leakage ® Three possible locations for release

4 Reactor building .
< 0,01% probability of Melt bypass (filtered) (BWR model example).
< 0,01% probability of Melt bypass (unfiltered) .
< 0,01% probability of Gap bypass (filtered) — Containment

4 Turbine building

0,96% probability of Melt bypass - ReaCtOI’ bU|Id|ng
< 0,01% probability of Gap bypass

— Turbine building
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Source term visualization per phase

©‘ Releases per Accident Phase and Nuclide

X

65,59% probability of LOCA late/spray View Pie Chart
1E15
8E14-
g Select Nuclides:
] BEL4 [ xe-133
£ #1131
& [ Te-132
4E14 V]
[¥] cs-137
[V] Ro-88
2E147
o Phase 1 (7,25h) Phase 2 (17,92h) Phase 3 (0,75h) Phase 4 (22,08h)
14-05-18 14-05-18-15-05-18 15-05-18 15-05-18-16-05-18
[13:25-20:41] [20:41-14:36] [14:36-15:21] [15:21-13:25)

® Histograms show source term per phase

® Pie-chart graphs show:

— Release distribution per nuclide group per
phase

— Activities per nuclide group per phase
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Pie Chart Visualization - OLLS / LOCA late/spray

Phase 1

p
/ S

Phase 3

A
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Source term visualization

' Releases Over Time

65,59% probability of LOCA late/spray ©) Released Activity
Fraction of Core I
v
148E03" JNJEOB
1,6E031 \-
3,5E03
1,4E034 o
£ 3E03
51,2034 S Relesse Dy )
£ | F25E035;
¥ 1503-‘ z
=
# 2603 8 [ SelectAl
§ s L
& - g -131
& 6E02; ° ‘1,5503Q %‘-;A )
103 [
4E021 [ Hleir
260 F5E02 [¥] ro-88
' ' ' ' T i T i T ——
14-05-18 14-05-18 15-05-18 15-05-18 15-05-18 15-05-18 15-05-18 15-05-18 16-05-18 16-05-18 16-05-18 16-05-18
16:00 20:00 00:00 04:00 08:00 12:00 16:00 20:00 00:00 04:00 08:00 12:00
Time
¢ Releases Over Time
65,59% probability of LOCA late/spray Released Activity
ction of C:
r
1‘6E-03-|
14E-03
Lzz-oa—'
5 | se Delay (h):
T 1E-03 —
s ) 0
&
¥
E 8E-041 lect Al
T
= GE-OA"I
4504
2E-04]

T T T v T T T v v T T T

14-05-18 14-05-18 15-05-18 15-05-18 15-05-18 15-05-18 15-05-18 15-05-18 16-05-18 16-05-18 16-05-18 16-05-18

16:00 20:00 00:00 04:00 08:00 12:00 16:00 20:00 00:00 04:00 08:00 12:00
Time
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® Activity release rates as histogram
(TBqg/h).

® Interpolation between points for
time phases providing a rough
estimation of cumulative released
activity (TBq).

® Six nuclides that can be chosen
separately.

® Fractions of core inventory in match
with MAAP/MELCOR results.
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RASTEP Case Report

Lloyd's Register

RASTEP

RASTEP Case Report
RASTEP Model: RASTEP Project
Reactor trip date and time: 14-05-2018 01:25:53
Date and time of generation of the report: 14-05-2018 02:30:32
65,59% probability of LOCA late/spray

Pre-calculated source term: OLLS Late containment overpressure, initiating event LOCA and successful containment
spray system.

Sequence: The analysis presents the course of events following the containment overpressure due to failed
containment spray and unsuccessful opening of filtered venting. The water pumping is stopped when 11 m water
are reached in the drywell and a signal of containment failure is "triggered”. The reactor trip, forced blowdown and
closing of isolation valves succeed. All coolant make-up fails initially and no “recovery” of coolant make-up is
available even after incipient core damage. The containment is inert and no hydrogen combustion occurs. Nor
occurs physical phenomena that threaten the integrity of the containment but the reactor pressure vessel failure
occurs. Flooding of the lower drywell works.

Figure 1: Activity Release per Phase [Bq]

u -
65.59% probasily of LOCA lats/spray Vi e ot
10151
s
E‘u“
serer
a1 0.2 e 7 CECE e
160518 140518150518 150518 150518160518
25200 12041-1636] (ass1521) 1325
Table 1 Activity Release per Phase [Bal
Phase 1 (7,25h) Phase 2 (17,92h) Phase 3 (0,75h) Phase 4 (22,08h)
14-05-18 14-05-18-15-05-18  |15-05-18 15-05-18-16-05-18
[13:, :41] [20: :36] [14: :21] [15:, :25]
Xe-133 1,054E+16 6,574E+16 2,573E+18 6,393E+16
131 5,636E+14 1,675E+13 1,481E+13 8,065E+12
Te-132 2,556E414 11216412 5,364E413 34176414
Mo-99 3,118E+14 4,275E411 1,061E+12 9,784E409
Cs-137 3,643E+13 1,395E+12 2,15E+14 1,748E+14
1

RASTEP

=3 [16728414 [6.3976+12 [10156415 8,004E+14
Figure 2: Activity Release Rate 'h] and Cumulative Release [TBq] over
- Relesss Over Time x
65,59% probability of LOCA late/spray e
20003]
148-037
22003
| [os—ra——
1603 e
§ = Cssecan
2 al o nan
] v
e >
26041 —_—
140518 140518 150518 150938 150512 150518 150538 150508 160318 16038 160518 160518
1600 @@ o0 oaco w00 120

Table 2: Cumulative Activity Release [Bqg]
Phase 1 (7,25h)

Phase 2 (17,92h)

Phase 3 (0,75h)

Phase 4 (22,08h)

140518 14-05-18-15-0518 | 15-05-18 15-05-18-16-05-18
[13:25-20:41] 3 [14:36-15:21] : ]

Xe-133 1,054E+16 7,628E+16 2,65E418 27136418

131 5,636E+14 5,804E414 5,952E+14 6,0326+14
Te-132 2,556E414 2,567E414 3,103E414 6,521E+14
Mo-99 31186414 3,1226414 3,132E414 3,133E+14
Cs-137 36436413 3,783E+13 2,594E414 43426414
Rb-88 1,672E¢14 1,736E+14 1,189E+15 1,989E+15

Table 3: Fractions of Core Inventory [

Phase 1 (7,25h)

Phase 2 (17,92h)

Phase 3 (0,75h)

Phase 4 (22,08h)

140518 14-05-18-15-0518 | 15-05-18 15-05-18-16-05-18
[13:25-20:41] [20:41-14:36] [14:36-15:21] [15:21-13:25]

Noble gases (Xe-133) | 3,011€-03 2,353E-02 9,1186-01 9,3536-01

sl (131) 3,19E-04 3,29E-04 3,3856-04 3,4306-04

Te02 (Te-132) 1,031E-04 1,036E-04 1,3296-04 3,3916-04

Mo02 (Mo-99) 9,665E-05 9,681E-05 9,7286-05 9,7286-05

CsOH (Cs-137, Rb-88) | 1,296E-04 1,346E-04 9,2316-04 1,545E-03
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The FASTNET project

Objectives

® Set-up severe accident scenarios
databases

® Qualify a common response methodology
that integrates tools and methods to:

® Evaluate the source term

® Ensure diagnosis and prognosis of
accident progression

® Make connection between FASTNET tools
and other systems that use source term
definition for further assessments

® Propose communication to the public of
emergency management approaches,
measures and resources in Europe
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www.fastnet-h2020.eu

Work packages
® WP1 — Scenarios database

® WP2 — Emergency
preparedness

(incl. evaluation of BBN techniques)

® WP3 — Emergency response

(incl. BBN approaches)

® WP4 — Emergency exercises
® WPS5 — Dissemination

(knowledge sharing and training)

® WPG6 — Project management
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Conclusions

 RASTEP provides emergency preparedness organisations with an
independent view of an accident progression and possible off-site
consequences

- RASTEP makes it possible for utilities to quickly take relevant
accident mitigating actions following a nuclear power plant
accident

- RASTEP provides authorities with information following a nuclear
power plant accident for prioritisation of actions and/or giving
recommendations to emergency response organisations
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Thank you

Please contact:

Francesco Di Dedda, Senior consultant / Team Manager
Department of nuclear consulting / Probabilistic safety analysis

+46 70 340 01 67
francesco.didedda@lr.org

support.rastep@lr.org
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